The retroviral Gag precursor plays an important role in the assembly of virion particles. The capsid (CA) protein of the Gag molecule makes a major contribution to this process. In the crystal structure of the free CA protein of the human immunodeficiency virus type 1 (HIV-1), 11 residues of the C terminus were found to be unstructured, and to date no information exists on the structure of these residues in the context of the Gag precursor molecule. We performed phylogenetic analysis and demonstrated a high degree of conservation of these 11 amino acids. Deletion of this cluster or introduction of various point mutations into these residues resulted in significant impairment of particle infectivity. In this cluster, two putative structural regions were identified, residues that form a hinge region (353-VGGP-356) and those that contribute to an ␣-helix (357-GHKARVL-363). Overall, mutations in these regions resulted in inhibition of virion production, but mutations in the hinge region demonstrated the most significant reduction. Although all the Gag mutants appeared to have normal Gag-Gag and Gag-RNA interactions, the hinge mutants were characterized by abnormal formation of cytoplasmic Gag complexes. Gag proteins with mutations in the hinge region demonstrated normal membrane association but aberrant rod-like membrane structures. More detailed analysis of these structures in one of the mutants demonstrated abnormal trapped Gag assemblies. These data suggest that the conserved CA C terminus is important for HIV-1 virion assembly and release and define a putative target for drug design geared to inhibit the HIV-1 assembly process.
The retroviral Gag protein is crucial for late stages in the viral life cycle, as it mediates virion assembly through complex interactions with RNA, protein and lipid molecules (reviewed in references 23, 24, 32, and 81) . The Gag protein of type C retroviruses is expressed as a precursor protein, modified by myristylation, and targeted to the plasma membrane. Multimerization of the Gag precursors induces membrane curvature and the formation and release of virion particles through a budding process. It is estimated that 1,000 to 2,000 Gag molecules compose one particle (72) . The Gag protein is necessary and sufficient for the production of virus particles. Many mutations in the gag gene block virion formation (2, 17, 48, 62, 70) , and expression of the Gag protein alone in mammalian cells is sufficient to direct the assembly and release of virus-like particles (VLPs) from cells (75) . In addition, other mutations in the gag gene have been found to block early stages of infection, suggesting a role for some of the Gag domains in the processes of uncoating, reverse transcription, and integration (12, 15, 39, 70, 83) .
During and after the assembly process, the Gag protein (Pr55 gag ) of human immunodeficiency virus type 1 (HIV-1) is cleaved by the viral protease into four products found in the mature virion: matrix (MA), capsid (CA), nucleocapsid (NC), and p6. In addition, two spacer peptides, SP1 and SP2, that flank the NC domain are also cleaved from the Gag precursor. The MA domain is required for membrane binding of Gag and for virion assembly (11, 33, 44, 62, 63, 76, 88) . The CA domain is also important for virion assembly, as many point mutations in CA block this process (2, 10, 48, 49, 69, 70, 77, 78) . Other mutations in CA block the early stages of infection (69, 83) . Interaction between the CA domain and the cellular protein cyclophilin A results in incorporation of the cellular factor into the assembled virion, and this interaction is important for HIV-1 infectivity (22, 26, 52, 84) . In the mature virion, CA forms an inner shell (47) that surrounds the RNA genome and core-associated proteins.
The NC domain is highly basic, containing two repeats of a conserved zinc-binding motif. NC contains a sequence, termed the interaction (I) domain (18, 45, 81) , that is important for multimerization of Gag; subsequently, deletion of NC results in a drastic reduction in particle production (13, 16) . Point mutations in the NC often affect the binding of the Gag protein to the viral RNA (9, 93) and the process of viral RNA encapsidation during virion assembly (9, 21, 93) . The ability of the Gag protein to bind RNA through the NC domain is also thought to affect Gag dimerization and to enhance virion assembly (13, 14, 16, 37, 54, 55, 60) .
The p6 domain of Gag includes sequences that act as late (L) assembly domains. These are required for late stages of viral assembly and efficient release from the cell (reviewed in references 3, 25, 67, and 73) . The L domains serve as binding sites for members of the cellular vacuolar protein sorting (Vps) system, like Tsg101 and AIP1 proteins, which act to release the budding particle from the cell surface (28, 79, 87) . The p6 domain also mediates the internalization of the Vpr protein into the assembled virion (36, 40, 50, 65) .
The SP1 and SP2 sequences (formerly termed p2 and p1, respectively) also play a role in virion assembly and maturation. The SP1 sequence, which connects the CA domain to the NC domain, is included in minimal Gag constructs that are capable of producing VLPs (2, 89) , consistent with the observation that SP1 is important for proper assembly of the Gag molecules and for virion morphogenesis (1, 41, 57, 59, 66, 69) . The proteolytic processing of SP1 is important for virion maturation, as removal of SP1 from the C terminus of CA regulates the transition of the particle from an immature spherical appearance to a mature virion harboring a conical capsid (1, 34) . In addition, cleavage of SP1 from the N terminus of NC leads to condensation of the ribonucleoprotein core (90) and maturation of the RNA dimer (74) . Cleavage of SP2 has also been reported to play a role in the formation of the HIV-1 cone-shaped core (91) . Furthermore, the NC-SP2 region is thought to cooperate with the L domain of p6 in Gag ubiquitination (80) .
The HIV-1 CA contains two helix-rich domains (26, 27, 30, 58) . The first of these is the core domain, which is formed by the N-terminal two thirds of the protein. This domain contains seven ␣-helices, two ␤-hairpins, and an exposed loop. The C-terminal one-third of CA forms a globular domain, called the dimerization domain, which is connected to the core domain with a flexible strand. The dimerization domain consists of four ␣-helices followed by the last 11 amino acids of CA (VGGPGHKARVL). No structure is available for these 11 amino acids, as they are disordered in the dimerization domain crystals (27) , yet recent studies have indicated the importance of this region for multimerization and membrane binding of the Gag proteins (48, 49) . Overall, mutagenesis and biochemical studies have demonstrated that the core domain is important for core formation in the mature particle, while the dimerization domain plays a role in both particle assembly and core formation (10, 20, 56, 57, 69, 70, 77, 88) .
Several residues in the Gag protein are conserved among different retroviruses and are important for the function of the precursor protein and its cleavage products. Some examples of these significant residues include the glycine at the N terminus of the MA domain, which serves as a myristylation site (63, 72, 76, 88) , the 20 residues forming the major homology region in CA, which generate a hydrogen-bonding network and contribute to the hydrophobic core of the protein (27) , and the zinc finger motifs in the NC that bind RNA (9) . We performed a phylogenetic analysis of the HIV-1 CA protein family and found that the 11 residues at the CA C terminus are also conserved. We tested the significance of these residues, and we provide evidence for the importance of this conserved stretch of amino acids for the proper assembly and release of HIV-1 virions.
MATERIALS AND METHODS
Phylogenetic analysis. The CA protein sequence of strain HXB2 was analyzed with the maximum-likelihood-based algorithm Rate4site (68) and the ConSeq server (http://conseq.bioinfo.tau.ac.il/) (8) . This automated analysis created a phylogenetic tree, which was composed of homologous CA protein sequences derived from the following retroviruses (accession numbers appear in parentheses): HIV-1 (P0588, P12494, P03347, Q70622, P03350, P05890, P03349, P20889,  P04594, P24736, P18800, P12495, P04592, P05887, P20873, P12493, P35962, and  P05889); HIV-2 (P15832, P20874, P04590, P05891, Q74119, P12450, P24106,  P18095, P18041, and P17756); simian immunodeficiency virus (P17282, P31634,  P05894, P05893, P12496, P19504, Q02843, P27978, P05892, P27972, and  P22381); equine infectious anemia virus (P03351); feline immunodeficiency virus  (P31821, Q05313 , P16087, and P19027); bovine immunodeficiency virus (P19558); caprine arthritis encephalitis virus (P33458); visna-related ovine lentivirus (P23424, P23425, P35955, and P16900); human endogenous retrovirus K-10 (P10264); and Jaagsiekte sheep retrovirus (P31622). The degree of conservation was calculated for each residue according to its preservation along the phylogenetic tree (68) . The conservation level (ranging from 0 to 1, where 0 is not conserved and 1 is highly conserved) of each of the last 11 residues of the CA domain was as follows: V353, 0.895 Ϯ 0.015; G354, 0.985 Ϯ 0.015; G355, 0.925 Ϯ 0.015; P356, 0.895 Ϯ 0.015; G357, 0.085 Ϯ 0.085; H358, 0.87 Ϯ 0.01; K359, 0.985 Ϯ 0.015; A360, 0.955 Ϯ 0.015; R361, 0.925 Ϯ 0.015; V362, 0.895 Ϯ 0.015; and L363, 0.925 Ϯ 0.015.
Yeast plasmids. The Saccharomyces cerevisiae expression vector pGADZX2, generously provided by J. Luban (Columbia University), carries the LEU2 marker and encodes a fusion protein with an N-terminal Gal4 activation domain (Gal4AD) and a C-terminal HIV-1 Gag polyprotein (Gal4AD-HIV Gag), derived from the infectious molecular clone HXBC2 and flanked by BamHI and SalI sites (52) . To remove the NC domain from the Gal4AD-HIV Gag fusion protein, the HIV-1 gag open reading frame was excised from plasmid pGADZX2 at the BamHI and SalI sites and cloned into the same sites in plasmid pUC19, creating pUC19-HIV-1gag. An internal PpuMI-BglII fragment (244 bp) containing the C terminus of CA, the entire SP1 and NC domains, and the N terminus of the SP2 domain was deleted from pUC19-HIV-1gag; the termini were blunted with Vent DNA polymerase (New England Biolabs) and ligated to a NotI linker (New England Biolabs), to create pUC19-HIV-1gag-NotI-linker. A BamHI-SalI fragment harboring the deletion was than excised from pUC19-HIV-1gag-NotIlinker and used to exchange the wild-type sequences in pGADZX2, with the same sites, to create pGADZX2-NotI-linker.
pGADZX2-MA-CA is pGADZX2-based plasmid harboring a unique PmeI site that replaced the sequence encoding the last 11 amino acids of CA and introduced a stop codon close to the CA end. This plasmid expresses a Gal4AD-HIV Gag fusion protein lacking the last 10 amino acids of CA as well as the SP1, NC, SP2, and p6 domains. To construct this plasmid, we first PCR amplified two HXBC2 gag sequences with 5Ј-HIVupPpumI together with MA-CA-R primers and MA-CA-F together with 3Ј-HIVdownBglII primers ( Table 1 ). The resulting PCR fragments share complementary ends containing the PmeI substitution mutation. These were joined by a subsequent overlapping PCR (5) with the 5Ј-HIVupPpumI and 3Ј-HIVdownBglII primers.
PCRs were carried out with the Expand High Fidelity PCR system according to the manufacturer's instructions (Roche). The resulting PCR product was transformed into S. cerevisiae strain GGY::171 together with pGADZX2-NotIlinker DNA linearized by NotI digestion. Homologous recombination between the ends of the PCR fragment and the linearized plasmid generated pGADZX2-MA-CA DNA, in which the CA edge harboring the PmeI substitution together with the SP1, NC, and SP2 domains were restored in the context of the gag open reading frame. The resulting plasmid was extracted from Leu ϩ yeast colonies (grown on medium lacking leucine) and recovered by transformation into Leu Ϫ Escherichia coli KC8 bacteria (Clontech).
All other mutations in the CA C terminus were generated similarly by overlapping PCR with the appropriate pair of forward (F) and reverse (R) primers (Table 1) and by recombining the resulting PCR fragments with PmeI-linearized pGADZX2-MA-CA. The resulting pGADZX2 plasmids express the full-length Gal4AD-HIV Gag fusion protein with point mutation V353A, G354A, G355A, P356A, G357A, H358A, K359A, A360L, R361A, V362A, or L363A, each of which is named after the mutation that it carries. Similarly, an in-frame deletion mutation (⌬11) of the last 11 amino acids of CA was created, maintaining the downstream SP1, NC, SP2, and p6 domains (Table 1) to generate pGADZX2⌬11.
The yeast expression vector pMA424HIVgag, generously provided by J. Luban, carries the HIS3 marker and encodes a fusion protein with an N-terminal Gal4 DNA binding domain (Gal4DBD) and a C-terminal HIV-1 Gag polyprotein (Gal4DBD-HIV Gag), derived from the HXBC2 clone and flanked by BamHI and SalI sites. To express these CA mutations in the context of Gal4DBD-HIV Gag, BamHI-SalI fragments containing the mutated gag sequences were excised from the pGADZX2 array of plasmids and used to replace the wild-type sequence in pMA424HIVgag at the same sites. This procedure resulted in the creation of a panel of pMA424HIVgag-derived plasmids, each named after the mutation that it carries. The presence of all mutations was confirmed by sequencing. pIIIA/HIV⌿-MS2-2 and pIIIA/HaMSV⌿-MS2-2 encode chimeric RNA molecules that contain the encapsidation signals of HIV-1 and Harvey murine sarcoma virus, respectively (5) .
Yeast two-and three-hybrid systems. S. cerevisiae strains GGY::171 and L40-coat were used in the yeast two-and three-hybrid assays, respectively, as described before (5, 6, 51) . To test homodimerization of Gag protein mutants in the yeast-two hybrid system, plasmids pGADZX2 and pMA424HIVgag (see above) containing the same CA mutation were cotransformed into S. cerevisiae GGY::171, and the interaction of the Gag proteins encoded by these plasmids was tested. Similarly, heterodimerization was tested between Gag protein mutants encoded by the pGADZX2 plasmids and the wild-type Gag proteins encoded by the pMA424HIVgag plasmid. Yeast two-and three-hybrid components were generously provided by S. Goff, J. Luban (Columbia University), and M. Wickens (University of Wisconsin-Madison).
Mammalian expression plasmids. The HIV-1 Gag and Pol proteins were expressed in mammalian cells from plasmid pHIVgptSVPA (53) . This plasmid contains the HXB2 provirus except that 1.2 kb of env coding sequence was replaced with the simian virus 40 (SV40) origin of replication and promoter and coding sequence for the gpt gene (64) . In addition, the 3Ј long terminal repeat (LTR) was replaced by SV40 sequences containing a polyadenylation sequence (53) . pHIVgptSVPA also encodes the Rev, Tat, and Vif proteins but not Vpu, Nef, or Vpr.
To introduce the CA mutations into plasmid pHIVgptSVPA, an SpeI-SalI fragment (4,279 bp) was excised from pHIVgptSVPA and cloned into the same sites in pBCSK(ϩ) (Stratagene) to create pBC-SpeI-SalI-wt. An internal SpeIBglII fragment (589 bp) was excised from pBC-SpeI-SalI-wt and replaced with the corresponding fragment derived from pGADZX2 V353A, G354A, G355A, P356A, G357A, H358A, K359A, A360L, R361A, V362A, L363A, or ⌬11. The mutated gag sequences were then exchanged for the wild-type gag sequence in pHIVgptSVPA, with the SpeI-SalI sites, to form pHIVgptSVPA V353A, G354A, G355A, P356A, G357A, H358A, K359A, A360L, R361A, V362A, L363A, and ⌬11.
To mutate the Gag myristylation site, overlapping PCR was used to substitute the N-terminal glycine residue of Gag with alanine (G2A mutation), with the HXBC2 gag sequence as a template, with G2A-F and Gag6 as one pair of primers and 2LTRforward and G2A-R as a second pair ( Table 1 ). The resulting PCR fragments with complementary ends containing the G2A mutation were joined by a subsequent overlapping PCR. The resulting fragment was digested with BssHI and SpeI. The mutated Gag sequence was then exchanged for the wildtype gag sequence in pHIVgptSVPA and pHIVgptSVPA G355A with the BssHI and SpeI sites to form pHIVgptSVPA G2A and pHIVgptSVPA G2A/G355A, respectively. The last clone contains both the mutated myristylation site and the CA mutation.
pHRЈ-CMV-GFP encodes an HIV-1-derived retroviral vector carrying the green fluorescent protein (GFP) marker. pMD.G expresses the vesicular stomatitis virus G envelope protein. Both plasmids were generously provided by I. Verma (Salk Institute). pCDNA1 CD4, generously provided by J. Gershoni (Tel Aviv University), encodes the human CD4 protein. pSV-E-MLV-env (43) expresses the murine leukemia virus ecotropic envelope glycoprotein.
Transformation of 293T and HeLa cells. 293T and HeLa cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, L-glutamine, penicillin, streptomycin, and nystatin (Biological Industries, Israel), at 37°C and 5% CO 2 . Cells were transfected with calcium phosphate (6) with the indicated amount of plasmid DNA, and expression of the encoded proteins was analyzed 2 days after transfection.
Transduction assays. To quantify the influence of Gag mutations on the virus infectious cycle, we used the single-cycle infectivity assay (6) . 293T cells (approximately 80% confluent in 60-mm plates) were cotransfected with wild-type or mutated pHIVgptSVPA clones (7.5 g), pHRЈ-CMV-GFP (10 g), and pMD.G (2.5 g). After 6 h, the supernatants were replaced with 5 ml of fresh medium. Two days after transfection, the cells were resuspended, fixed with 2% paraformaldehyde, and analyzed by fluorescence-activated cell sorting (FACS) for GFP fluorescence with a FACSort apparatus (Becton Dickinson). Mock-transfected 
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cells (transfection without plasmid DNA) were used to determine the background autofluorescence level of GFP-negative cells. The total fluorescence of the GFP-positive cell population was calculated by multiplying the percentage of GFP-positive cells by their mean fluorescence value. Supernatants of transfected cells were supplemented with HEPES (pH 7.0; 50 mM final concentration), filtered through a 0.45-m-pore-size filter, and diluted 1:3 with culture medium; Polybrene (hexadimethrine bromide; Sigma) was added to a final concentration of 8 g/ml. These viral preparations (2 ml) were used to infect naive 293T cells (2 ϫ 10 5 cells in 60-mm-diameter dishes) for 2 h, after which 3 ml of fresh medium was added. Two days postinfection, the fluorescence of the infected, paraformaldehyde-fixed, GFP-positive cells was measured by FACS, and total fluorescence was calculated. Normalized infectivity was calculated by dividing the total fluorescence of infected cells by the total fluorescence of transfected cells. The normalized infectivity of the indicated Gag mutants was expressed as a percentage of the normalized infectivity measured for the wild-type protein.
VLP purification and analysis. 293T cells grown in 60-mm plates were transfected with wild-type or mutated pHIVgptSVPA clones (10 g). Two days posttransfection, culture supernatants were harvested for VLP purification (see below), and the transfected cells were collected. The cells were extracted in 1 ml of ice-cold radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris [pH 8.0]) supplemented with the protease inhibitors pepstatin (1 g/ml), leupeptin (1 g/ml), and aprotinin (1 g/ml). Extracts were cleared by centrifugation (5 min, 16,000 ϫ g, 4°C) and wre boiled with an equal volume of 2ϫ sample buffer (5% ␤-mercaptoethanol, 125 mM Tris [pH 6.8], 4% sodium dodecyl sulfate, 0.005% bromophenol blue, 20% glycerol).
To purify the VLPs from the culture medium, VLP-containing supernatants (4.5 ml) were supplemented with 0.5 ml of 0.5 M HEPES (pH 7.0) and 2 ml of TEN buffer (100 mM NaCl, 10 mM Tris, 1 mM EDTA, pH 8.0), and filtered through a 0.45-m-pore-size filter. VLPs were purified on a 25% (wt/vol) sucrose cushion (2 ml) by centrifugation at 100,000 ϫ g for 2 h at 4°C. VLP pellets were then resuspended and boiled in 60 l of 2ϫ sample buffer. VLPs (10 l) and cell extract (20 l) were further analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot.
Velocity sedimentation analysis of cellular Gag complexes. 293T cells were transfected with 5 g of pHIVgptSVPA DNA expressing wild-type or mutant Gag proteins. To inhibit Gag cleavage, 6 h after transfection, culture medium were replaced by fresh medium containing 20 M saquinavir, an HIV-1 protease inhibitor (Roche; Ro-31-8959; generously provided by M. Kotler, Hebrew University); 48 h posttransfection, culture supernatants were discarded, and cells were washed once with TEN buffer and resuspended in 1 ml of ice-cold TEN buffer containing a protease inhibitor cocktail of pepstatin (1 g/ml), leupeptin (1 g/ml), aprotinin (1 g/ml), and saquinavir (20 ⌴). After 5 min of incubation on ice, the cells were subjected to 10 strokes in a Dounce homogenizer, and the extracts were cleared by centrifugation (30 min, 1,800 ϫ g at 4°C). Postnuclear extracts (1 ml) were placed on top of three successive 1-ml sucrose layers (25, 35 , and 45% from top to bottom, all containing Tris-EDTA buffer [pH 8 .0] and 20 M saquinavir), followed by centrifugation (Beckman L-70 ultracentrifuge; 100,000 ϫ g for 1 h at 4°C). Four equal fractions were collected from the top of the gradient, and an aliquot from each fraction was weighed to determine its density. Total proteins were precipitated from each fraction with trichloroacetic acid (10% final concentration) in the presence of 1 g of the carrier, bovine serum albumin, resuspended in 50 l of 2ϫ sample buffer, mixed with 50 l of 1 M Tris (pH 8.0) to adjust the sample pH, and analyzed by SDS-PAGE and Western blotting.
Equilibrium flotation centrifugation assay. To monitor the membrane binding of wild-type and mutant Gag proteins, we performed the membrane flotation centrifugation assay as detailed previously (62), with minor modifications. 293T cells were transfected with 5 g of mutant or wild-type pHIVgpt-SVPA DNA; 6 h posttransfection, cell medium were replaced by fresh medium containing 20 M saquinavir; 48 h posttransfection, the cells were washed once with 1 ml of 10 mM Tris-HCl (pH 7.5) containing 1 mM EDTA and 1 mM EGTA and resuspended in 1 ml of 10 mM Tris-HCl (pH 7.5) containing 1 mM EDTA and 10% (wt/vol) sucrose supplemented with protease inhibitor cocktail containing pepstatin (1 g/ml), leupeptin (1 g/ml), aprotinin (1 g/ml), and 20 M saquinavir. Following 5 min of incubation on ice, the cell suspensions were subjected to 10 strikes with a Dounce homogenizer and centrifuged at 500 ϫ g for 5 min at 4°C. Then, 250 l of postnuclear supernatant was mixed with 1.25 ml of 85.5% (wt/vol) sucrose in TE (10 mM Tris, 1 mM EDTA, pH 8.0) containing 20 M saquinavir and placed on the bottom of a centrifuge tube. On top of this postnuclear supernatant-containing 73% (wt/vol) sucrose mixture was layered 7 ml of 65% (wt/vol) sucrose in TE and 3 ml of 10% (wt/vol) sucrose in TE, all containing 20 M saquinavir. The gradients were centrifuged at 100,000 ϫ g for 18 h at 4°C (Beckman L-70 ultracentrifuge). Ten 1.2-ml fractions were collected from the top of the gradient, and an aliquot from each fraction was weighed to determine its density. Total proteins were precipitated from each fraction by trichloroacetic acid and analyzed by Western blot as described below.
Western blot analysis and antibodies. Protein samples were separated on sodium dodecyl sulfate-polyacrylamide (12%) gels, and the proteins were transferred to an Immobilon-P membrane (Millipore) according to the manufacturer's protocol. For Western blot analysis, membranes were blocked with 5% skim milk, incubated with the relevant antibody for 1 h, followed by incubation with a secondary, peroxidase-conjugated antibody. Peroxidase activity was detected by reacting the membrane with chemiluminescence solution containing 150 mM Tris (pH 8.9), 0.22 mg/ml Luminol (Sigma), 0.033 mg/ml paracoumaric acid, and 0.015% H 2 O 2 . The intensity of protein bands was measured by densitometry scanning with the TINA2.0 program.
Monoclonal anti-HIV-1 capsid antibody, purified from ascites fluid of hybridoma clone 183-H12-5C (National Institutes of Health AIDS Research and Reference Program) was used at a 1:10,000 dilution. Monoclonal anti-CD 4 (7B4) antibody, generously provided by. J. Gershoni, Tel Aviv University, was used at a 1:5,000 dilution. Goat polyclonal anti-Env antiserum raised against Rauscher murine leukemia virus gp69/71 was obtained from the American National Cancer Institute (product no. 81S-127). This antiserum cross-reacts with the Moloney murine leukemia virus ecotropic envelope and was used at a 1:5,000 dilution. Horseradish peroxidase-conjugated polyclonal goat anti-mouse and donkey antigoat antisera (Jackson Immunoresearch Laboratories) were used at a 1:10,000 dilution.
Immunohistochemistry. HeLa cells were seeded on glass coverslips in 24-well plates (10 5 cells/well) in medium lacking phenol red to reduce background fluorescence. The next day, the cells were transfected with 1 g of the indicated pHIVgptSVPA DNA clone; 48 h posttransfection, glass-attached cells were washed in ice-cold phosphate-buffered saline (PBS), fixed (4% paraformaldehyde in PBS, 20 min), permeabilized (0.1% Triton X-100 in PBS, 3 min), and then blocked (20% normal goat serum and 1% bovine serum albumin in PBS, 30 min). The cells were stained with monoclonal anti-HIV-1 capsid antibody (183-H12-5C, 1:200 dilution, 1 h), followed by the secondary indocarbocyanine-conjugated goat anti-mouse immunoglobulin G antibody (Jackson Immunoresearch Laboratories, product no.115-166-072, 1:500 dilution, 45 min). Extensive PBS washes followed each of the above steps. Stained cells on mounted coverslips were examined with a confocal laser scan microscope (LSM510, Zeiss).
Scanning electron microscopy. 293T cells were seeded on gelatin-coated glass coverslips in 24-well plates (10 5 cells/well), and the cells were transfected with 1 g of the indicated pHIVgptSVPA DNA clone the next day; 48 h posttransfection, the cells were fixed (2.5% glutaraldehyde in PBS, 2 h at room temperature), washed with PBS, and dehydrated with graded ethanol concentrations (25, 50, 75, 95 , and 100%). Samples coated with sputtered gold were examined with a scanning electron microscope (Jeol 840A). Transmission electron microscopy. 293T cells in 60-mm plates were transfected with 20 g of pHIVgptSVPA or pHIVgptSVPA V353A DNA; 48 h posttransfection, the cells were collected in 1 ml of PBS and pelleted in an Eppendorf tube (1,800 ϫ g, 5 min, at 4°C). Cell pellets were overlaid with 100 l of fixative (2.5% glutaraldehyde), postfixed with 1% osmium tetroxide, and embedded in Epon. Thin sections (60 to 80 nm) were stained with 1% uranyl acetate and 0.3% lead citrate and analyzed with an electron microscope (Jeol JEM 1200EX).
RESULTS
C-terminal region of the HIV-1 capsid domain is evolutionarily conserved. The retroviral Gag precursor is a multifunctional protein that binds many viral and host factors (23, 67, 81) . The Gag protein CA domain is involved in some of these interactions and plays an important role in virion assembly and maturation (1, 10, 48, 49, 56, 69, 78, 83) . To look for potentially functionally important residues in the CA protein of HIV-1, we analyzed its amino acid sequence with an advanced algorithm, named Rate4Site (68) . This maximum-likelihood-based algorithm provides an estimate of the degree of conservation of each amino acid site among the homologous CA proteins, based on the site's rate of evolution; slowly evolving sites are evolutionarily conserved, while rapidly evolving sites are vari-able. Retroviruses are excellent candidates for such analysis because the sequences of many members of this family are known.
With this method, we analyzed more than 50 capsid sequences, including sequences from human, feline, and bovine immunodeficiency viruses, equine infectious anemia virus, caprine arthritis encephalitis virus, visna-related ovine lentivirus, Jaagsiekte sheep retrovirus, and endogenous retrovirus K-10 (Materials and Methods). This analysis highlighted evolutionarily conserved amino acids along the capsid sequence, such as the first proline residue and the aspartic acid residue with which it interacts upon folding (85), the major homology region (27) , and the two cysteines that are bridged by a disulfide bond (27) (data not shown). In addition, we observed that the 11 amino acids at the C terminus of CA protein (positions 353 to 363, numbering beginning at the first methionine of Gag), which are disordered in the crystal structure of the CA protein (27) , also scored with a relatively high degree of evolutionary conservation (Fig. 1A) . Of these 11 amino acids, only one (glycine 357) was not conserved, while the other 10 residues scored an average to very high degree of conservation.
Mutations of the conserved C-terminal residues of the HIV-1 CA domain impair virion production and infectivity. To evaluate the role of the evolutionarily conserved CA C terminus in the HIV-1 replication cycle, we either deleted the terminal 11 amino acids of CA from the gag sequence to create the ⌬11 mutant or changed each of the amino acids to alanine, while the alanine at position 360 was changed to leucine (Fig.  1B) . Mutations were introduced into the gag open reading frame of the pHIVgptSVPA plasmid, generating V353A, G354A, G355A, P356A, G357A, H358A, K359A, A360L, R361A, V362A, and L363A mutants. The pHIVgptSVPA plasmid contains a derivative of the HIV-1 HXB2 clone carrying the SV40 promoter-gpt cassette and the SV40 polyadenylation signal, which replaced the env coding sequences and the 3Ј LTR, respectively. The HIVgptSVPA construct produces virion particles from transfected cells (53) .
To test the mutants for Gag expression and for their ability to assemble and release VLPs, 293T cells were transfected with the wild-type or mutant proviral DNA. Two days posttransfection, VLPs from the culture supernatants were harvested by centrifugation through a 25% sucrose cushion, and cell lysates were prepared. Gag protein levels were assayed in cell lysates and in VLP pellets by Western blot analysis (Fig. 2) . All mutants exhibited levels of Gag proteins similar to those in the wild-type strain in cell lysates. Gag processing was also normal for all of the mutants except the L363A and ⌬11 mutants ( Fig.  2A) , which produced an abnormal ratio of p25 to p24 products, as expected for mutations that disrupt the CA-p2 cleavage site (41, 90) .
When VLP-associated Gag proteins were analyzed, a strong reduction in Gag levels was observed for the ⌬11 mutant ( Fig.  2B and C) . Strong reduction in pelletable Gag protein levels was also obtained for mutants V353A, G354A, G355A, P356A, H358A, L363A, and ⌬11. The level of expression ranged from approximately 0.5 to 15% of the wild-type levels. Mutants K359A and A360L showed a more moderate reduction of about threefold in pelletable Gag levels compared to the wildtype level, whereas mutants R361A and V362A had about 75% of the wild-type level. Mutant G357, which carries a substitution of the least conserved residue of the 11 residues tested, showed wild-type levels of virion-associated Gag proteins. Overall, mutations in the VGGP cluster reduced VLP-associated Gag levels to larger extents than did mutations in the GHKARVL sequence.
In principle, the reduction in the level of Gag proteins that was associated with VLPs may be the result of poor VLP production or instability of VLP mutants. To distinguish between these two possibilities, the total protein content of culture supernatants was precipitated with trichloroacetic acid, and the levels of the Gag proteins in the pellets were examined by Western blot. A reduction in the total Gag protein levels was observed in the trichloroacetic acid-extracted pellets, similar to the reduction that was obtained in the pellets of the sucrose-purified particles (data not shown). This indicates that the reduced level of the Gag protein mutants in the culture supernatants is the result of inefficient VLP production.
Further evidence that correlates with these findings was obtained from the single-cycle infection assay, measuring the transduction efficiencies of a GFP-containing retroviral vector coexpressed with wild-type or mutated Gag proteins. 293T cells were transfected with wild-type or mutated pHIVgptS-VPA clones together with plasmids expressing a GFP retroviral vector and the vesicular stomatitis virus envelope G protein.
Pseudotyped particles in equal volumes of culture supernatants were then used to infect naïve 293T cells, and the transduction efficiencies were calculated (Materials and Methods). This analysis revealed a strong reduction in the transduction levels (10% or less of wild-type levels; Fig. 3 ) for most of the mutants, including mutants V353A, G354A, G355A, P356A, H358A, K359A, A360L, L363A, and ⌬11. The transduction levels of mutants R361A and V362A were approximately 15 and 45% of (1), average (-), or low (2) degree of conservation, and the size of the arrow schematically represents the approximate deviation from the average conservation score (Materials and Methods). The positions of the residues relative to the first methionine of Gag are indicated. (B) The structure of the CA C-terminal mutations. Substitution, deletion, and truncation mutations were introduced into the C terminus of the CA domain in Gag. Alanine and leucine substitutions are shown as A and L, respectively, above the numbered wild-type residues of the HXB2 clone (WT HXB2). The first two residues of SP1 domain are in italics. The in-frame deletion mutation (⌬11) consisting of the 11 C-terminal CA residues in Gag is indicated (⌬). A TAA (stop) codon was introduced downstream of the V353 residue to generate a truncated Gag protein (MA-CA).
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that of the wild type, while mutant G357A was as infectious as the wild type. These data demonstrate that mutations in the conserved C terminus of CA alter HIV-1 virion transduction and overall are in a good agreement with the recent analysis of some identical mutations reported by Liang and coworkers (48, 49) . Pr55 gag mutants show normal RNA binding and normal Gag-Gag interactions in yeast three-and two-hybrid systems. The reduction in virion production and consequent decreased infectivity caused by the mutations in the C terminus of CA probably reflect impairment of particle assembly. As a series of complex interactions of the Gag proteins is crucial for proper virion assembly (23), we tested Pr55 gag mutants for interactions that have been implicated in the assembly process. A highaffinity and specific binding of the NC domain of Gag to the HIV-1 RNA encapsidation signal (HIV⌿) is crucial for genome packaging. In addition, the NC domain is characterized by nonspecific RNA binding. The interaction of Gag with FIG. 2. VLP production by wild-type and mutant Gag proteins. Cell extracts from 293T cells transiently transfected with 10 g of the indicated pHIVgptSVPA-based clone (A) and purified VLPs from the culture medium (B) were analyzed for Gag protein expression and cleavage by Western blot with an anti-CA monoclonal antibody. Mock samples indicate cells transfected without plasmid DNA. The wild type (wt) was the HIVgptSVPA clone expressing wild-type Gag proteins. Re wt designates an HIVgptSVPA clone into which the wild-type Gag sequence was introduced with the same cloning procedure that was used to construct the clones with the mutated gag sequences. This clone was used to ensure the absence of secondary mutations in the HIV sequence and the plasmid backbone that might affect viral protein expression. The migration positions of the Gag polyprotein (Pr55 gag ) and Gag cleavage products (p41, p25, and p24) are indicated with arrows. (C) VLP production by Gag protein mutants relative to that by the wild-type proteins was calculated after densitometry scanning and analysis of Gag protein bands (B). The data are presented as mean Ϯ standard deviation (n ϭ 2).
genomic RNA or other RNA molecules is thought to enhance the assembly process, either by supplying a nucleic acid scaffold for the assembled particle or by promoting Gag dimerization (13, 14, 16, 37, 54, 55, 60) .
Since the CA mutations are localized in close proximity to the NC domain and might, in principle, alter Gag binding to RNA through indirect conformational changes, we tested the effect of these mutations on RNA recognition. To compare the RNA binding activity of wild-type Gag to that of the mutant Gag proteins, we used the yeast three-hybrid system. In the past, we demonstrated that this system provides a measure of the interaction of HIV-1 Gag with RNA that reflects the interactions seen in vitro and in vivo (5) . In this system, wild-type HIV-1 Gag proteins bind with high affinity to RNA molecules that contain the HIV ⌿ and show only weak nonspecific interaction with RNA molecules harboring the Harvey murine sarcoma virus encapsidation signal. Likewise, all the Gag protein CA mutants demonstrated strong binding to the HIV ⌿ and only weak, nonspecific binding to the Harvey murine sarcoma virus encapsidation signal (data not shown). These results suggest that Gag-RNA interactions were not impaired by the CA mutations.
The CA domain is important for the oligomerization of Pr55 gag , and several mutations in CA that damage Gag oligomerization and virion assembly have been described (48, 49, 70, 86) . To test whether the Pr55 gag mutants were able to participate in Gag-Gag interactions, we used the yeast twohybrid system to measure the level of interactions between Gag molecules (51) . The CA mutants were tested for both homodimerization (interaction between Gag proteins harboring the same mutation), and heterodimerization (interaction between mutant and wild-type Gag proteins). We found that all of the mutant Gag proteins homodimerized, and heterodimerized as efficiently as the wild-type molecules (data not shown). Overall, these results suggest that the CA mutations did not cause gross conformational changes in the Gag proteins and, importantly, did not abolish Gag-Gag interactions.
Intracytoplasmic multimerization of Gag protein mutants in mammalian cells.
The retroviral assembly process involves multimerization of many Gag molecules to create higher-order structures. Because the analysis of the Gag protein mutants showed that many were defective in virion production, we were interested in assessing their ability to form aggregates in the cytoplasm. To test this, we examined the sedimentation profiles of cellular Gag complexes on nonequilibrium velocity gradients. 293T cells were transfected with pHIVgptSVPA or pHIVgptSVPA derivatives expressing the Gag mutants, and the cultures were grown in the presence of the HIV-1 protease inhibitor saquinavir for 2 days. Under these conditions, 20 M saquinavir efficiently blocked Pr55 gag cleavage (data not shown). The cells were then disrupted by Dounce homogenization, cell debris and nuclei were removed from the homogenate, and the resulting cleared extracts were subjected to velocity sedimentation through 25, 35, and 45% sucrose step gradients.
Western immunoblotting was performed on fractions of the sucrose gradients to detect the migration of the Gag complexes through the gradients (Fig. 4) . Wild-type Gag protein complexes were abundant in the first three fractions of the gradient and could also be detected in the fourth-densest fraction. In contrast, the V353A, G354A, G355A, P356A, H358A, L363A, and ⌬11 Gag proteins were mainly located at fractions composed of the cell lysate and the 25% sucrose cushion (fractions 1 and 2). For these mutants, only relatively small amounts of Gag proteins could be detected in the 35 and 45% sucrose fractions (fractions 3 and 4). The Gag proteins of mutants G357A, K359A, A360L, R361A, and V362A had migration profiles similar to that of the wild-type protein. This analysis demonstrated that mutants that are severely defective in particle production (Fig. 2C ) also produce Gag protein aggregates in the cell cytoplasm that are abnormal in either size, mass, or shape.
Membrane association of Gag protein mutants. Several of the mutants tested (V353A, G354A, G355A, P356A, L363A, and ⌬11) showed both abnormal Gag aggregation and a dramatic reduction in VLP production. Notably, most of these point mutations are found in the predicted hinge region (353-VGGP-356) (49) . The aberrant Gag complexes formed by these mutants might be defective in targeting to the cell surface membrane, as has been reported for identical mutants in a previous study (49) . To test this, we compared the membrane association of wild-type Gag proteins to that of the mutant Gag proteins with the membrane flotation centrifugation assay as described before (62) . Postnuclear supernatants of cell homogenates made from Gag-expressing cells grown in the presence of saquinavir were subjected to equilibrium flotation centrifugation. Membranebound proteins were separated from non-membrane-bound proteins with sucrose step gradients, and unbound and membrane-bound Gag complexes were detected in the gradient fractions by Western blot analysis (Fig. 5) . This analysis revealed that the majority of the wild-type Gag proteins were membrane bound and thus had floated to less-dense fractions (mainly to fraction 3), as reported by Ono and Freed (62) . A similar migration pattern throughout the gradient was clearly demonstrated by positive controls made of membrane proteins CD4 and Moloney murine leukemia virus Env. Similarly, all of the Gag protein mutants tested floated to the same fractions, demonstrating efficient membrane binding.
We constructed a Gag protein mutant with a glycine-toalanine substitution (G2A) in its myristylation site to serve as a negative control. The G2A mutation results in myristatenegative Gag proteins that do not associate with the cell surface membrane (33, 62, 63, 72, 76, 88) and do not efficiently float to the membrane-bound protein fraction in this assay (62) . As expected, the majority of the G2A Gag protein mutants were retained in the denser portion of the sucrose gradient (fractions 9 and 10) and failed to float to the membranebound protein fractions. Likewise, a double mutant harboring both the G2A and the G355A mutations (G2A/G355A) did not migrate efficiently to the membrane-bound protein fraction.
We further compared the ability of wild-type and mutant Gag proteins to target the plasma membrane with a immunohistochemistry procedure. HeLa cells were transfected with pHIVgptSVPA DNA expressing wild-type, V353A, or G355A Gag protein, and 2 days later the cells were fixed, immunostained, and examined with a confocal microscope (Fig. 6) . We found that the majority (about 90%) of the cells that expressed the wild-type Gag proteins showed both cytoplasmic and membrane staining with an anti-CA monoclonal antibody (data not shown). About 10% of the Gag-expressing cells showed a clear membrane staining on a background of weak cytoplasmic staining (Fig. 6, upper panel) . A similar pattern of plasma membrane staining was also detected for the G355A (Fig. 6 , middle panel) and V353A (Fig. 6, lower panel brane flotation centrifugation assay. These results suggest that the CA mutations that cause abnormal Gag aggregation and poor virion production did not impair plasma membrane targeting and binding, in contrast to what has been reported before for identical mutations (49) . Pr55 gag mutants form aberrant structures at the plasma membrane. The findings that the Gag complexes of the V353A, G354A, G355A, P356A, L363A, and ⌬11 mutants targeted the cell surface membrane yet failed to produce significant amounts of VLPs suggest that late stages of the assembly process are impaired in these mutants. One possible explanation is that the aberrant Gag aggregates of these mutants are not efficiently released from the cell surface and are trapped in the plasma membrane. To test this hypothesis, we transfected pHIVgptSVPA DNA encoding wild-type or mutant Gag proteins and examined the cell surface membranes by scanning electronic microscopy (Fig. 7) . Cells that expressed wild-type Gag proteins had relatively smooth membranes that resembled those of mock-transfected cells (Fig. 7A and B) , with few cells showing spherical bulges with a diameter of about 0.1 m (Fig.  7B) . Similarly, cells that were transfected with pHIVgptSVPA G357A DNA, which encodes mutant Gag proteins that produce wild-type levels of VLPs (Fig. 2C) , showed relatively smooth surfaces (Fig. 7C) .
In contrast, cells that were transfected with pHIVgptSVPA-V353A, G354A, G355A, L363A, or ⌬11 DNA showed excessive rod-like structures protruding from the cell surface (Fig.  7D to H) , and these structures were readily detected on the majority of the cultured cells. Similar results were obtained for the P356A mutant (data not shown). We also noted that some of these rod-like structures appeared to have swollen rounded ends (Fig. 7D, F, and G) . As a control for this experiment, we transfected the cells with pHIVgptSVPA-G2A/G355A DNA, which expresses myristate-negative Gag proteins. These cells did not show the typical rod-like structures that were present on cells expressing the parental G355A mutant (compare Fig.  7F to 7I), demonstrating that the formation of these shapes was indeed dependent on targeting of the plasma membrane by Gag proteins.
To further analyze these rod-like structures, we expressed wild-type or V353A mutant Gag proteins in 293T cells and examined the plasma membrane by transmission electron microscopy. Whereas wild-type proteins gave rise to immature budding structures that assembled on the cell surface ( Fig. 7J  and K) , the V353A Gag protein mutants formed dense aggregates that appeared to be trapped in structures protruding from the plasma membrane ( Fig. 7L and M ). These results demonstrate that the mutant Gag proteins are assembled in a way that restricts normal budding.
DISCUSSION
We characterized the phenotypes of mutations localized to the last 11 amino acids of the HIV-1 capsid domain (VGGPGHKARVL). The results presented here demonstrate that these conserved residues define a region that is highly sensitive to the introduction of point mutations, as 10 of 11 mutants were defective in their infectivity.
The results from our experiments define two categories of mutants. One set of mutants were characterized by a drastic reduction in particle production, while the other set of mutants produced significant levels of virions but showed low infectivity levels. Of the 11 amino acid substitutions, those that changed the 353-VGGP-356 cluster or the last leucine residue in the capsid (L363) caused a strong reduction in particle production. For these mutants, the decline in virion production could account for their impaired infectivity. Yet, for mutants that harbored mutations in the 358-HKARV-362 cluster, the reduction in VLP production could not fully explain the reduction in the infectivity levels. For example, compared to the wild type, the H358A, A360L, and R361A mutants produced about 15, 30, and 70% of the wild-type particle levels but were only 2, 3, and 15% as infectious, respectively. These mutants probably possess additional defects, perhaps in the early stages of infection, and it will be of interest to evaluate the contribution of this 11-amino-acid cluster to the function of the capsid protein in this context. We found a good correlation between normal Gag aggregation in the cytoplasm and virion production. The G357A, K359A, A360L, R361A, and V362A mutants, which were characterized by moderate to normal particle production, generated cytoplasmic Gag aggregates that migrated like wild-type complexes in sucrose gradients. In contrast, the V353A, G354A, G355A, P356, H358A, L363A and ⌬11 mutants, which produced low particle levels, generated cytoplasmic Gag complexes that were poor in penetrating the denser fractions of the sucrose gradient in velocity sedimentation analysis. This indicated that some of the CA mutations altered Gag-Gag interactions, resulting in Gag complexes that were abnormal in size, mass, or shape and that could not be released as virions. Yet even Gag mutants that failed to assemble into normal Gag complexes in the cell cytoplasm were all able to form Gag-Gag contacts that resulted in high levels of ␤-galactosidase activity in the yeast two-hybrid system, similar to the readout obtained by contacts of the wild-type proteins. These data suggest that no overt conformational changes to the Gag molecules have been induced by the CA mutations, as wild-type RNA binding activity was maintained by these mutants.
The V353A, G354A, G355A, P356, L363A and ⌬11 Gag protein mutants, which assembled into defective cytoplasmic complexes and produced very low levels of particles, efficiently bound to the cell surface membrane. This was evident biochemically by the flotation of these Pr55 gag mutants to the membrane-bound protein fraction in membrane flotation centrifugation assays. Similar flotation profiles were obtained for membrane-associated proteins such as the CD4 and Env molecules as well as for wild-type Gag but not for myristylationnegative Gag proteins. Clear localization of the mutated Gag proteins to the cell surface membrane was also detected by confocal microscopy. These results clearly demonstrate that the defective Gag complexes were still able to traffic and target to the cell surface membrane.
Recently, Liang and coworkers described the phenotypes of a similar set of mutations in the HIV-1 capsid (48, 49) . A good correlation exists between the results reported by them and the data presented here regarding the formation of aberrant Gag complexes and low particle production of viruses with mutations in the VGGP sequence. However, these investigators reported that the Gag proteins of these mutants did not target the cell surface membrane efficiently and thus concluded that this defect is the major cause of the severe reduction in virus production. Our results are in clear contrast to these findings and suggest a different explanation for the poor production of particles (see below).
Although we do not know the exact reasons for the different results observed, differences in experimental conditions may have contributed to the variation. For example, the pHIVgptSVPA clone used in this study carries an SV40 origin of replication in the plasmid backbone, which allows high levels of expression in T-antigen-containing 293T cells. This may result in a clearer appearance of Gag assemblies on the plasma membrane. In addition, Liang and coworkers used monkey cells in both the membrane flotation assay and the electron microscopic analysis, in contrast to the human cells that were used in the current study.
Since the movement of cytoplasmic Gag molecules towards the plasma membrane is poorly understood, it is conceivable that factors that exist in human cells assist Gag trafficking more efficiently than factors in monkey cells. While wild-type proteins assemble and bud normally, abnormal Gag aggregates, like the ones formed by the hinge mutants, may not be efficiently targeted to the plasma membrane in simian cells. In line with this hypothesis, recent studies have demonstrated that the different intracellular milieu of monkey and human cells can greatly influence retroviral replication; factors in monkey cells appear to restrict viral replication through unknown interactions with the capsid protein (reviewed in reference 31). Nevertheless, our results are in agreement with the findings of Ono and Freed that showed that a Pr55 gag mutant which contained only the MA domain and the N-terminal domain of the capsid exhibited wild-type levels of membrane binding (61) .
The finding that the Gag complexes of the V353A, G354A, G355A, P356A, L363A, and ⌬11 mutants were targeted to the cell surface membrane yet failed to produce significant amounts of VLPs suggests that the aberrant Gag aggregates accumulated at the plasma membrane. Indeed, scanning electron microscopy analysis of cells expressing the multimerization-defective Gag mutants readily identified the accumulation of rod-like structures protruding from the cell surface. These structures could not be detected on cells expressing the myristylation-negative Gag double mutant G2A/G355A, in contrast to the abundance of such structures on cells that expressed the G355A Gag mutant. Since Gag myristylation is necessary for stable membrane binding and assembly (11, 33, 71) , this result indicates that the appearance of the rod-like structures is indeed dependent on the expression of the mutant Gag proteins and their ability to reach the cell surface membrane.
The scanning electron microscopy analysis only rarely detected assembled particle structures on the surface of cells expressing the wild-type Gag proteins or the assembly-competent G357A Gag mutant, perhaps because wild-type or wildtype-like particles bud quickly from the cell surface. In the cases where budding structures of wild-type Gag proteins could be observed, they had a spherical appearance, easily distinguishable from the tubular organization exhibited by the mutant Gag proteins. The appearance of tubular structures rather than spheres has also been reported for other Gag mutants of HIV-1 and other retroviruses (4, 29, 33, 35, 38, 42, 59, 92) . In addition, the swollen rounded tips of some of these rod-like structures is reminiscent of structures that were reported for an HIV-1 mutant in which the two residues that flank the CA-SP1 cleavage site were mutated (33) .
Transmission electron microscopy analysis of the rod-like structures made by the V353A mutant showed that these structures indeed contained dense assemblies that seemed to be trapped on the inner side of the plasma membrane. Notably, these structures appeared to have denser centers than the wild-type immature particles. Overall, our results suggest that Gag proteins with mutations in the conserved amino acids at the C-terminal edge of the CA domain can form aberrant complexes that are targeted to the cell surface membrane but defective in budding.
What structure might be affected by the mutations described here? As mentioned above, the last 11 amino acids of the free capsid protein are disordered in the crystals (27) , and the structure of the CA-p2 region, which is more relevant for the assembly of Gag precursors, has not been determined yet. Nonetheless, calculations based on amino acid composition have predicted two putative structural units which divide the 353-VGGPGHKARVL-363 sequence. The 353-VGGP-356 portion has been suggested to form a flexible hinge (together with an additional glycine residue at position 352) (49) , while the 357-GHKARVL-363 sequence has been suggested to be part of a putative ␣-helix that extends into SP1 (1) .
Previous reports showed that mutations in the SP1 section of this ␣-helix caused defects in particle assembly and budding (1, 33, 41, 48, 59) . The L363A mutation caused the most severe reduction in particle production compared to the other mutations that we generated in the CA portion of the putative ␣-helix. The L363A Gag protein generated aberrant Gag aggregates in the cytoplasm and aberrant assemblies on the cell surface. This result is consistent with the previous suggestion, made by Gottlinger, that the CA-p2 boundary is primarily required for the induction of membrane curvature, as mutations that disrupt the putative ␣-helix generate grossly aberrant budding structures (32) . Our data also correlate well with the VOL. 78, 2004 HIV-1 CA MUTATIONS IMPAIR VIRION ASSEMBLY 9685 results published by Liang and coworkers, demonstrating the importance of the putative ␣-helix to virus production, infectivity, and Gag multimerization (48) . These authors showed that the H358A and L363A mutations damaged the formation of Gag complexes, and our velocity sedimentation analysis revealed similar results. In addition, we found that both mutations did not alter the Gag-membrane association, as determined by the membrane flotation centrifugation assay. However, the L363A Gag mutants appeared to form rod-like structures on the cell surface, while no such aberrant assemblies could be detected for the H358A Gag mutants (data not shown). The reason for this difference is not clear, but it may be explained by the fact that the H358A Gag mutants were released to the culture supernatants in higher quantities (13% of wild-type levels) than the L363A Gag mutants (3% of wildtype levels). The dramatic reduction in particle formation made by single alanine substitutions in the 353-VGGP-356 putative hinge region highlights the importance of this cluster to the assembly process. The proline-to-alanine substitution in this sequence was also recently shown to drastically reduce virion production and to alter particle morphology (86) . Mutations in this sequence might hamper its putative flexibility (49) , restricting possible changes in Pr55 gag conformation that are important for Gag lattice interactions and virion assembly (86) . In addition, this region might interact with cellular factors that are important for efficient assembly and release of virus particles, similar to the function played by L assembly domains in other portions of the retroviral Gag precursors (3, 25, 67, 79) .
The assembly of an infectious particle is a step unique to the virus, and hence drugs that operate to interfere with this process are of great interest. Indeed, antiviral compounds that target capsid proteins of picornaviruses (7) and of hepatitis B virus (19) have been developed. Recently, drugs that bind the core domain of HIV-1 CA (82) or inhibit CA-SP1 cleavage (46) have been identified and shown to inhibit viral replication in tissue culture. In addition, a truncated version of the nucleolin protein that binds the CA-NC region in the Moloney murine leukemia virus Gag protein has been found to strongly suppress virion assembly (6) .
In this paper, we demonstrated the importance of the C terminus of the HIV-1 CA domain to the assembly and release of infectious particles. The strong suppression of these processes by even subtle changes in the CA C terminus implies that the development of drugs that target this region might be beneficial in suppressing HIV-1 replication.
